some and can be subdivided by fluorescence in situ
hybridization (FISH) into the centromere, containing the euchromatin and heterochromatin might be related with chromosome functioning. 180 bp repeat, and two flanking pericentromeric domains (Fransz et al., 1998) .
Cytogenetic and molecular data have so far provided Results valuable information about the distribution of repetitive sequences along the chromosomes. The fact that only Construction of a Molecular Cytogenetic Map of Chromosome Arm 4S 10% of the Arabidopsis genome consists of repeats (Leutweiler et al., 1984) , which are mainly present in the As a first step in aligning cloned DNA sequences and chromosomal structures, we applied FISH to midproheterochromatin regions around the centromere and the nucleolar organizing region (NOR), implies that the euphase cells, including late zygotene, pachytene, and early diplotene stages, the former and last only when a chromatin contains an exceptionally low proportion of repetitive DNA sequences. In conjunction, these develdiscernible, fully paired short arm of chromosome 4 was observed. In addition, only cells with uniformly stretched opments have stimulated us to create a detailed integrated cytogenetic and molecular map in order to relate euchromatic and heterochromatic regions and traceable arms were recorded. Based on the structural characterthe morphological features of the chromosome, e.g., euchromatic and heterochromatic segments, to the unistics of chromosome arm 4S, we defined five regions ( Figure 1A ): the NOR (I), the distal euchromatic region derlying DNA sequence. Further, we discuss how the observed cytological and molecular characteristics of (II), the heterochromatic knob, hk4S (III), the proximal euchromatic segment (IV), and the centromere region the chromosomal position of the euchromatic YACs. To verify the colocation of YAC clone CIC8B1 with the knob, of the short arm (V). The molecular markers were selected from different regions along the short arm acwe used the RFLP markers mi233 and mi306, which are located close to the ends of the YAC clone CIC8B1 cording to the physical map (Schmidt et al., 1996) . They include small unique DNA fragments, repetitive DNA (Schmidt et al., 1996) . Their FISH signals indeed flanked the knob ( Figure 1H ). We estimate the molecular size of sequences, and YAC clones that make up a contig extending from the rDNA locus to the 180 bp repeat of the hk4S to be less than the physical distance (760 kb) between mi233 and mi306. centromeric region, known as pAL1 (Martinez-Zapater et al., 1986) or AtCon (Heslop-Harrison et al., 1999). Five By measuring the arm length (CEN-NOR distance) and the distance of each marker to the centromere, a YACs spanning a region of 2.8 Mbp hybridized to the major part of the short arm, showing a pattern of altercytogenetic map was constructed in two ways. At first, average relative distances were determined by taking nating red and green fluorescent arrays ( Figures 1B and  1C) . Three of these YACs (CIC10C8, CIC10H3, and the ratio of the distance of each marker relative to the CEN-NOR distance. Secondly, the average absolute CIC4A7) cover the distal euchromatin (region II), YAC clone CIC8B1 colocalized with the knob (region III) (Fig- distances of all markers were plotted against the arm length in a linear regression analysis resulting in preure 1D), and CIC7C3 hybridized mainly with the proximal euchromatic region IV and slightly overlapped with the dicted positions of a marker along the chromosome arm. The two methods gave similar map positions (Table 1) . knob ( Figure 1E ). Two proximal YACs from the short arm, CIC3F1 and CIC3C8, and the YAC clone CIC5C6
From the cytogenetic map, we estimated the molecular position of the pericentromeric heterochromatin borin the long arm hybridized to the peripheral domains of the pericentromeric heterochromatin of all chromosomes der in the short arm. The hybridization signal of clone CIC7C3 was found at 0.4 m from the heterochromatic ( Figure 1F ). This indicates that these YACs contain several abundant pericentromeric repeat sequences that segment ( (Kubo et al., 1999) , and a cosmid with the gibberelin gene GA1 (Sun YACs CIC11H10 (380 kb) and CIC6H11 (460 kb) that were physically mapped in contig 2 and contig 3, respectively and Kamiya, 1994) that has been physically and genetically mapped in the region covered by CIC4A7. FISH (Schmidt et al., 1996) , revealed the pericentromeric border in the long arm adjacent to CIC11H10 ( Figure 1I ). signals of ANL2 and GA1 were found close to the NOR and the knob, respectively, ( Figure 1G ) thus confirming
The presented cytogenetic map thus shows a perfect knob, hk4S, (700 kb/m) and especially the NOR (2.2 the larger area that hybridizes to the YAC CIC10C8 (510 kb) compared to CIC8B1 (990 kb) in Figure 1D . Although Mbp/m) are highly condensed compared to the euthe euchromatin region is uniformly stained by DAPI, chromatin region (330 kb/m). This is well illustrated by a significant variation in chromatin condensation was observed within the distal euchromatin. A subdivision of region II into smaller segments revealed a strong variation in condensation degree within the euchromatic segment. For example, the regions IIa (230 kb/m) and IIb (540 kb/m) differ by a factor 2.5 (Table 2) . Interestingly, the less condensed area around ANL2 (170 kb/m) corresponds with a relatively hot spot for recombination (Schmidt et al., 1995) . The variation in chromatin condensation between the different regions was monitored not only spatially but also temporally, since the arm length varied between 6 and 17 m depending on the meiotic substage. Midprophase I cells were determined by the degree of synapsis, the rate of chromosome clustering, and the distribution of the organelles as described previously (Ross et al., 1996). Early pachytene chromosomes were among the smallest and early diplotene chromosomes among the longest, while late zygotene and late pachytene chromosomes were found in the medium-sized class ( Figure  3A ). This suggests that chromosomes condense up to early pachytene and starts to extend from midpachytene.
To investigate if this (de)condensation pattern involves the entire arm or only a few specific regions, we calculated for each region the decondensation factor (DF), which is the increase in size from early pachytene to early diplotene (Table 2) . It appeared that the distal euchromatin (DF ϭ 1.7), especially region IIb (DF ϭ 2.8), is strongly subjected to decondensation and, thus, more flexible, while the heterochromatic knob hardly shows decondensation. The phenomenon of differential chro- centromere compared to the centromere indicates that . In addition, alignment with the genetic (ColXLer) map (Lister and 1996) and FISH analysis on interphase nuclei (Brandes Dean, 1993) demonstrates that the condensed knob reet al., 1997). However, they were not able to discriminate gion corresponds with a cold spot of recombination. between centromere and pericentromere. This FISH Due to the low frequency in the region spanning the study has clearly distinguished the centromere from the centromere and the hk4S locus, this segment has been two flanking pericentromeric domains on the basis of assigned to the genetically defined centromere (Copenmorphological appearance, condensation properties, haver et al., 1999). However, in these crosses it is more and molecular composition. The three domains, which likely that suppression of recombination is the result of together form the centromere region (Figure 2) , are disknob heterozygosity between Col and Ler, rather than tinct during meiosis, especially in pachytene cells, the heterochromatic component alone, since the knob whereas in somatic cells they colocalize during G1 and the repetitive sequences are absent from the eco- (P. F. F. et al., unpublished data) . The centromere is type Ler (Fransz et al., 1998 ). FISH analysis with the largely composed of abundant tandemly arranged 180 BACs T1J1 and T4B21 on pachytene chromosomes of bp repeats and dispersed repeats, such as 106B, Ler and WS revealed an inversion in the short arm 4S. whereas the pericentromere contains mainly transposon Although these two BACs span only 140 kb, we propose elements, a.o. Athila. The pericentromere of chromothat the inversion includes the proximal euchromatin some 4 has a predicted gene density of less than 1 per and the heterochromatic knob. Preliminary FISH data 100 kb (Mayer et al., 1999 ) and accommodates DNA with several ecotypes and BACs around the hk4S locus elements that can be transcriptionally activated (Steimer (P. F. F. et al., unpublished data) indeed suggest the et al., personal communication). In addition, the short region covered by the BACs T5L23 to T32N4 to be inarm contains the 5S rDNA genes, which are among the volved in the inversion. We postulate that the heteromost highly expressed genes. It differs from the adjacent chromatic knob, hk4S, originates from an inversion euchromatin in morphological appearance, gene denevent that moved DNA sequences from the pericentrosity, and the presence of abundant dispersed repeats.
mere to a more distal position in the euchromatin. AddiThe structural differences between the centromere tional evidence for a pericentromeric origin of hk4S and the pericentromere are also reflected in the spatial comes from the molecular and cytological similarities position and the condensation properties of these segbetween the knob and the pericentromere. Both regions ments in subsequent meiotic stages. From pachytene are heterochromatic, have a high condensation degree, to metaphase I, these heterochromatic domains change a comparable decondensation factor, a low gene denposition in the bivalent structure. After pachytene the sity, and the same DNA repeats. The pericentromeric chromosomes have to resolve the crossovers and predomain may therefore be considered as a heterochropare for a proper disjunction of the homologs. Condenmatic knob or, according to the description of Lima-desation takes place over the entire chromosome, in parFaria (1983), a chromomere. ticular in the euchromatin and the centromere. However, The question arises as to whether the repetitive nature during prometaphase I the centromere shows a remarkor the sequence or both is responsible for the heteroable decondensation, covering a relatively large area chromatic nature of the knob. Considering the fact that of the bivalent surface. It is possible that this spatial the tandem repeat occupies a disproportionately small reorganization facilitates the spindle microtubules to atregion (44 kb), compared to the size of the knob ‫007ف(‬ tach to the bivalent, thus ensuring a proper disjunction kb), we suggest that the organization of a tandem repeat of the homologs. This would strengthen the idea that with flanking dispersed repeats is a prerequisite for the the centromere might be regulated by an epigenetic heterochromatic nature of the knob. A similar combined mechanism, in which the higher order structure of the organization of tandem repeats and dispersed retrocentromeric heterochromatin contributes to kinetochore transposable elements has been described for heteroassembly ( 
